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ABSTRACT: Homogeneous light-driven systems employing
molecular molybdenum catalysts for hydrogen production
are described. The specific Mo complexes studied are six-
coordinate bis(benzenedithiolate) derivatives having two
additional isocyanide or phosphine ligands to complete the
coordination sphere. Each of the complexes possesses a
trigonal prismatic coordination geometry. The complexes were
investigated as proton reduction catalysts in the presence of
[Ru(bpy);]*", ascorbic acid, and visible light. Over 500 TON
are obtained over 24 h. Electrocatalysis occurs between the
Mo"/Mo™ and Mo™/Mo" redox couples, around 1.0 V vs
SCE. Mechanistic studies by 'H NMR spectroscopy show that
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upon two-electron reduction the Mo(CNR),(bdt), complex dissociates the isocyanide ligands, followed by addition of acid to
result in the formation of molecular hydrogen and the Mo(bdt), complex.

B INTRODUCTION

Splitting water into its constituent elements by means of solar
radiation for the purpose of energy storage, also known as
artificial photosynthesis, marks one of the great challenges for the
21st century.'~* Research on the overall process is often divided
into its two half-reactions, water oxidation and proton reduction,
for convenience of research. Early work in the area of proton
reduction relied on the use of rare metal catalysts, such as
platinum and palladium colloids, due to their low overpotentials
for proton reduction.”"® Recent efforts have shown that a
number of well-defined complexes composed of earth-abundant
metals such as cobalt,” " nickel,* "% and iron*’ ! have high
activity in aqueous proton reduction systems.32_35 For purely
homogeneous systems, cobalt bis-dithiolene complexes exhibit
exceptionally high rates of hydrogen generation as well as
total turnover numbers (TON), ranging from 2000 to 9000
depending on the specific complex.'” This work was a departure
from commonly used cobalt diglyoximate complexes, which were
shown to suffer from ligand dissociation, leading to complex
destruction and limiting their durability and potential long-
term activity.*® However, cobalt bis-dithiolene complexes also
suffered from a lack of durability, albeit with much higher
turnover frequencies. Part of this higher activity was proposed
to result from the noninnocent properties of dithiolene ligands
that allowed direct participation of the ligand in the proton
reduction mechanism. Calculations of cobalt bis-dithiolene
reduction potentials and pK,’s have given insight into mechanistic
speculation.”” Following initial reduction of the complex, the
ligating sulfur atoms are thought to be protonated, allowing
the second reduction to occur at a more positive potential and
therefore to be more thermodynamically favorable. The second
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reduction is proposed to lead to the generation of a highly reactive
cobalt hydride. Intramolecular coupling of the hydride and a
proton on a nearby sulfur donor then yields H, (a heterocoupling
reaction step) and the starting complex. The placement of proton
acceptors, such as thiolates, in close proximity to the metal center
likely increases the rate at which the final coupling step to form H,
occurs. This has been shown for other systems with carboxylic
acid®®*® and amine functionalities.”>**** Dithiolene ligands
have also been used as bridging ligands in place of 2-aza-1,3-
propanedithiolates in diiron hydrogenase model complexes
that have also been investigated for proton reduction. In these
systems, the notion of ligand protonation has been supported as
an integral part of the catalysis.*>*'

Among heterogeneous proton reduction catalysts, MoS,
and WS, deposited on SiO, have been reported to be active in
light-driven systems for hydrogen generation using CdS/SiO,
or fluorescein as photosensitizers over 2 decades ago.***
These initial results showed that WS, and MoS, materials
were competitive in hydrogen production activity with that of
similar Pt-based materials. Under UV irradiation, this was also
accomplished with MoS,>~ or [M0S,(S,C,H,),]*” supported on
TiO, nanoparticles.** Over the past few years, electrocatalytic
materials based on MoS, and MoS;,** Mo boride and
carbide,**” bioderived soy protein materials containing redox
active Mo centers,*® and MoS, films***° have all been described
for this purpose. Reports of highly active photochemical systems
using supported MoS, nanoparticles as catalysts have also
recently come to light.>' ~>*
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With regard to homogeneous molybdenum catalysts for
hydrogen generation, both (CpMo),(u-S),(4-S,CH,) (Cp =
cyclopentadienyl) and polypyridyl molybdenum complexes have
been found to be active as electrochemical hydrogen evolution
catalysts.>>~>” However, molybdenum complexes have not yet been
reported as active homogeneous catalysts for proton reduction in
light-driven systems.

Since MoS, centers showed great promise for proton reduc-
tion chemistry, we conjectured that Mo dithiolene complexes
that can be tuned electronically may exhibit similar activity.
Neutral molybdenum tris-dithiolene complexes have long been
known to possess trigonal prismatic coordination,**~* mimick-
ing the Mo coordination found in MoS,.°" Since active sites
in MoS, for hydrogen formation are likely at edges or steps of
the solid with a reduced coordination number, we commenced
this work focusing on molybdenum bis-dithiolene complexes
as possible H, generating catalysts. In this article, we describe
these studies.

B EXPERIMENTAL SECTION

Materials and Methods. All solvents and ascorbic acid were
purchased from Fisher Scientific and used without further purification.
Benzene-1,2-dithiol (bdt), toluene-3,4-dithiol (tdt), 3,6-chloro-benzene-
1,2-dithiol (bdt-Cl,), tert-butylisocyanide (t-BuNC), 4-methoxyphenyl-
isocyanide (MeOPhNC), benzylisocyanide (BzNC), n-butyllithium
(n-BuLi), methyldiphenylphosphine (PPh,Me), diphenylphosphinoethane
(dppe), sodium amalgam, and [Ru(bpy);]Cl, were purchased from Sigma-
Aldrich and used as received. NMR solvents (CD,Cl,, D,0, and CD,CN)
were purchased from Cambridge Isotopes and were employed using
residual 'H resonances at 5.31, 4.79, and 1.94 ppm, respectively.

Al NMR spectra were collected on a Bruker 400 MHz NMR spectro-
meter and processed using INMR. UV—vis spectra were collected on
an Agilent Cary 60. Electrochemical measurements were performed
using a CH Instruments 620D potentiostat equipped with a 680C amp
booster. Fluorescence quenching was performed on a Jobin Yvon
Horiba Fluoromax-P fluorimeter with a photomultiplier tube detector.
pH measurements were performed on a model 420 ThermoOrion
pH meter.

Single-Crystal X-ray Crystallography. Crystals were placed onto
the tips of glass fibers and mounted on a Bruker SMART CCD platform
diffractometer for data collection.®> For each crystal, a preliminary set of
cell constants and an orientation matrix were calculated from reflections
harvested from three orthogonal wedges of reciprocal space. Full data
collections were carried out using Mo Ka radiation (0.71073 A, graphite
monochromator) with frame times ranging from 30 to 60 s and at a
detector distance of approximately 4 cm. Randomly oriented regions of
reciprocal space were surveyed: four to six major sections of frames were
collected with 0.50° steps in @ at four to six different ¢ settings and a
detector position of —38° in 26. The intensity data were corrected for
absorption.** Final cell constants were calculated from the xyz centroids
of approximately 4000 strong reflections from the actual data collections
after integration.

Structures were solved using SIR97°° and refined using SHELXL-97.%
Space groups were determined on the basis of systematic absences,
intensity statistics, or both. Direct-methods solutions were calculated,
which provided most non-hydrogen atoms from the E-map. Full-matrix
least-squares/difference Fourier cycles were performed, which located
the remaining non-hydrogen atoms. All non-hydrogen atoms were
refined with anisotropic displacement parameters. All hydrogen atoms
were placed in ideal positions and refined as riding atoms with relative
isotropic displacement parameters. Full matrix least-squares refinements
on F* were run to convergence.

In structures 1, 2, S, and 6, each asymmetric unit contains one
molybdenum molecule in a general position. For 6, the asymmetric unit
also contains one cocrystallized dichloromethane solvent molecule,
which is modeled as disordered over four positions (38:25:24:13).
The molybdenum atom of 3 lies on a crystallographic m2m position and
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thus one-quarter of the molybdenum molecule is unique. Additionally
one tert-butyl group is modeled as doubly disordered over two general
positions (57:43) and over a crystallographic mirror plane (50:50).
Structure 4 was refined as an inversion twin in noncentrosymmetric
space group Pna2,, with a final refined component mass ratio of
52:48. The asymmetric unit contains two molecules that appear to
be pseudosymmetrically related; however, parameter correlations are
minimal except for those of the molybdenum atom itself. Acceptable
solutions in centrosymmetric space group Pnma were not obtained.

See Table 1 and the Supporting Information for additional details.

Photochemical Hydrogen Generation. In a typical photolysis
experiment, 2.3 mL of a [Ru(bpy);]Cl, stock solution (8.7 X 107* M in
CH;CN) was added to the vial first, followed by between 0 and 200 uL
of catalyst stock solution (0.5 mM in DMF or CH;CN). The volume
was then adjusted to 2.50 mL with the same solvent. Finally, 2.50 mL
of ascorbic acid stock solution (0.2 M in H,O, pH 4.00 (NaOH)) was
added, bringing the total volume to 5.00 mL. The vials were quickly
transferred to the photolysis apparatus described below, sealed, and
degassed with a 20% methane/80% nitrogen gas mixture.

All photochemical hydrogen evolution experiments were performed in
40 mL scintillation vials and were run in a locally constructed photolysis
apparatus. The apparatus consists of a water-cooled aluminum block with
16 wells in which the reaction vials were placed. The entire assembly
was mounted on an orbital shaker. Each well was individually irradiated
from below with high-power Philips LumiLEDs Luxeon Star Hex royal
blue (460 nm) 700 mA LEDs. The light power of each LED was set to
0.24 W using a Nova II power meter (Ophir-Spiricon LLC). Real-time
pressure data from the vials were measured with Freescale semiconductor
sensors (MPX4250AC6U) and recorded using Labview by National
Instruments. After irradiation, 100 L of the headspace of each vial was
analyzed using a Shimadzu GC-17A gas chromatograph (S A molecular
sieve column) to (1) confirm that hydrogen was responsible for the
pressure increase and (2) quantify the amounts of hydrogen evolved
using a calibration curve against the methane internal standard. Relative
error is estimated to be 10%.

Electrochemical Experiments. In a typical experiment, a 0.5 mM
solution of Mo complex was prepared in an electrochemical cell in
either CH;CN or DMF. Tetrabutylammonium hexafluorophosphate
(TBA-PFg) was added to bring the electrolyte concentration to 0.1 M.
The cell was then fitted with a magnetic stir bar, two glassy carbon disc
electrodes, and a saturated calomel electrode (SCE). The cell was then
degassed under argon for 15 min. Data were collected using a scan
rate of 150 mV s~". For electrocatalytic experiments, the conditions
described above were employed using a hanging mercury drop working
electrode where indicated. Between each cyclic voltammetry experi-
ment, an aliquot of a 1 mM solution of trifluoroacetic acid (TFA) was
added to the solution, and the electrodes were polished and washed
thoroughly.

Excited-State Emission Quenching Experiments. A 10 uM
solution of [Ru(bpy);]Cl, was prepared in either CH;CN or DMF. One
milliliter of this solution was used to prepare a solution of the desired Mo
complex so that [Mo] equaled 3.0 mM; the solution was degassed with
N,. Three milliliters of the [Ru(bpy);]Cl, solution was added to a quartz
cuvette fitted with a septum and degassed with N,. The effect of the Mo
complex on the emission of [Ru(bpy);]** was monitored by collecting
emission spectra between additions of aliquots of the Mo/[Ru(bpy);]**
solution. The spectra were taken by excitation at 460 nm with scanning
from 500 to 800 nm. Both emission and excitation slits were set to 4 mm.

General Synthetic Procedure for the Molybdenum Isocya-
nide Complexes. Warning! Isocyanide and benzenedithiol compounds
are highly toxic and should be handled with care. n-Butyllithium is also
toxic and reacts violently with water. Molybdenum complexes were
synthesized using a procedure slightly modified from that reported
previously.”” Under a nitrogen atmosphere, 100 mg (0.31 mmol) of
MoCl,(CH;CN),, synthesized by the reaction of MoCl and CH;CN,*’
was suspended in 20 mL THEF, resulting in a yellow—brown color.
Eight equivalents of the desired isocyanide (2.5 mmol) were added to
the flask, turning the suspension a reddish—brown color. In a separate
flask, 0.63 mmol of the appropriate benzenedithiol was dissolved in
20 mL of THF. The solution was cooled to 0 °C, and 1.3 mmol of
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n-butyllithium (1.6 M in hexanes) was added dropwise over 10 min. The
solution was then allowed to warm to RT over 1 h. The solution of
benzenedithiolate ligand was then slowly transferred via cannula to the
flask containing the molybdenum precursor, causing the solution to turn
dark immediately. The reaction was allowed to stir overnight, turning
bright red. After the removal of THF using a rotary evaporator, the
resulting residue was dissolved in <5 mL of CH,Cl,, leaving behind a
white powder, which was assumed to be LiCl. The CH,Cl, solution was
loaded onto a silica column and eluted with a 1:1 CH,Cl,/diethyl ether
solvent mixture. The first fraction, which is bright red, was collected.
This fraction was concentrated and then loaded onto a second silica
column, eluted with a 1:1 CH,Cl,/hexanes mixture. The first fraction,
which is bright green, was discarded, and the second fraction was yellow
brown. The latter fraction was collected and determined to be the
desired complex. Crystals of the specific complexes are grown by slow
evaporation of CH,Cl,.

Synthetic Procedure for [Mo(bdt),dppe] (6). Warning! Benzene-
1,2-dithiol is highly toxic and should be handled with care. n-Butyllithium is
also toxic and reacts violently with water. Complex 6 was synthesized using
a modified procedure for complex 7.%° Under a nitrogen atmosphere,
100 mg (0.31 mmol) of MoCl,(CH;CN),, synthesized by the reaction
of MoCl and CH,CN,*” was suspended in 20 mL of THF, resulting in a
yellow—brown color. Two equivalents of diphenylphosphinoethane
(dppe) (0.63 mmol) were added to the flask, turning the suspension a
brownish color. In a separate flask, 0.63 mmol of the appropriate
benzenedithiol was dissolved in 20 mL of THF. The solution was cooled
to 0 °C, and 1.3 mmol of n-butyllithium (1.6 M in hexanes) was added
dropwise over 10 min. The solution was then allowed to warm to RT
over 1 h. The solution of benzenedithiolate ligand was then slowly
transferred via cannula to the flask containing the molybdenum
precursor, causing the solution to turn dark immediately. The reaction
was allowed to stir overnight, turning dark brown. After the removal of
THF using a rotary evaporator, the resulting residue was dissolved in
<§ mL of CH,Cl,, leaving behind a white powder, which was assumed
to be LiCl. The CH,CIl, solution was loaded onto a silica column
and eluted with a 1:1 CH,Cl,/diethyl ether solvent mixture. The first
fraction, which is a yellow—brown color, was collected. This fraction was
concentrated and then loaded onto a second silica column, eluted with
a 3:1 CH,Cl,/hexanes mixture. The first fraction, which is bright green,
was discarded, and the second fraction was yellow brown. Crystals of 6
were grown by slow evaporation of CH,Cl,.
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Characterization. [Mo(bdt),(t-BuNC),] (1): yield, 35 mg (20%).
'H NMR (400 MHz; CD,CL): & 8.13 (dd, J = 6.1, 3.2 Hz, 4H),

9862

726 (dd, ] = 6.1, 3.2 Hz, 4H), 1.58 (s, 18H). UV—vis (CH,CL,) A,
(em) 472 (12727), 406 (12026), 241 (63737). IR (ATR): 3040 (w),
2976 (m), 2931(w), 2139 (s), 1450 (m), 1373 (s), 1186 (s), 1077 (s)
cm™. Anal. Calcd for C,,H,sMoN,S,: C, 48.69; H, 4.83; N, 5.16.
Found: C, 48.69; H, 4.75; N, 5.13.

[Mo(tdt),(+BuNC),]-1/2CH,CL, (2): yield, 38 mg (21%). "H NMR
(400 MHz; CD,Cl,): 6 7.99 (d, ] = 8.2 Hz,2H), 7.94 (s,2H), 7.10 (d, ] =
8.3 Hz, 2H), 2.44 (s, 6H), 1.57 (s, 18H). UV—vis (CH,CL,) 4, (em)
489 (8534), 411(7377), 246 (47192). IR (ATR): 3036 (w), 2985 (w),
2923 (w), 2860(w), 2135 (s), 1587 (m), 1455 (m), 1373 (s), 1191 (s),
1084 (m) cm™. Anal. Calcd for C,, H;;CIMoN,S,: C, 47.99; H, 5.10;
N, 4.57. Found: C, 48.27; H, 5.02; N, 4.44.

[Mo(bdt-Cl,),(+-BuNC),] (3): yield, 30 mg (14%). '"H NMR (400
MHz; CD,Cl,): § 7.39 (s, 4H), 1.61 (s, 18H). UV—vis (CH,Cl,) 4.,
(ep) 517 (3500) sh, 456 (5320), 408, (6155), 292 (11504) sh, 238
(62516). IR (ATR): 2963 (w), 2149 (w), 1595 (m), 1436 (m), 1391
(m), 1169 (s), 1080 (s) cm™". Anal. Calcd for C,,H,,Cl,MoN,S,: C,
38.83; H, 3.26; N, 4.12. Found: C, 38.99; H, 3.19; N, 3.94.

[Mo(bdt),(BzNC),] (4): yield, 61.6 (32%). 'H NMR (400 MHz;
CD,Cl,): 68.15(dd, J=6.1,3.2 Hz, 4H), 7.42—7.37 (m, 10H), 7.29 (dd,
J = 6.1, 3.2 Hz, 4H), 5.10 (s, 4H). UV—vis (CH,Cl,) A, (ey) 478
(13510), 406 (11815), 241 (63703). IR (ATR): 3040 (w), 2950 (w),
2169 (s), 1461 (m), 1353 (m), 1233 (s), 1086 (m) cm™. Anal. Calcd for
C,sH,,MoN,S,: C, 55.07; H, 3.63; N, 4.59. Found: C, 54.93; H, 3.50;
N, 4.50.

[Mo(bdt),(MeOPhNC),] (5): yield, 14 mg (7%). '"H NMR (400
MHz; CD,Cl,): §8.19 (dd, J= 6.1, 3.2 Hz, 4H), 7.46 (d, ] = 9.0 Hz, 4H),
7.31 (dd, J = 6.1, 3.2 Hz, 4H), 6.96 (d, ] = 9.1 Hz, 4H), 3.83 (s, 6H).
UV—vis (CH,Cl,) A (60 554 (9760) sh, 486 (12681), 406 (11586),
290 (32798) sh, 247 (83120). IR (ATR): 3052 (w), 2966 (w), 2123
(m), 1738 (w), 1593(s), 1500 (s), 1253 (s), 1160 (s), 1026 (m) cm™.
Anal. Calcd for C,gH,,MoN,0,S,: C, 52.33; H, 3.45; N, 4.36. Found: C,
52.32; H, 3.40; N, 4.39.

[Mo(bdt),dppe] (6): yield, 167 mg (69%). '"H NMR (400 MHz;
CD,Cl,): § 8.07—8.05 (m, 4H), 7.42 (t, ] = 7.1 Hz, 4H), 7.29 (t, ] = 7.6
Hz, 8H), 7.20—7.13 (m, 12H), 1.69 (d, J = 15.0 Hz, 4H). *'P NMR
(162 MHz; CD,CL): § 63.9. A, (er) 488 (5246) sh, 435 (9268),
355 (4812), 245 (48145). IR (ATR): 3057 (w), 2933 (w), 2328 (w),
1733 (w), 1484 (m), 1431 (s), 1022 (m) cm™. Anal. Calcd for
C3sH;,MoP,S,: C, 58.91; H, 4.16. Found: C, 58.72; H, 4.31.

B RESULTS AND DISCUSSION

Synthesis. The molybdenum complexes studied were chosen
to determine their activity as catalysts for H, generation and to
allow evaluation of the electronic effects of both the dithiolene
ligand and ancillary ligands at the same time. Using methyl- and
dichloro-substituted benzenedithiolene ligands in addition to
the unsubstituted form tested the influence of electron-donating
and -withdrawing groups on the dithiolene backbone. The effect
of the ancillary ligands was examined by employing alkyl-, benzyl-,
and phenyl-substituted isocyanides as well as monodentate and
bidentate phosphine ligands, while holding the dithiolene ligand
constant.

Complexes 1—7 were synthesized from MoCl,(CH,CN), in
a single step and were found to be air-stable in both solid
and solution states.”” Crystals suitable for single-crystal X-ray
analysis were obtained by slow evaporation of methylene
chloride solutions under ambient conditions. Synthetic yields
of the isocyanide complexes were typically between 7 and 30%,
but the synthesis of related phosphine complexes were much
better, attaining yields upward of 65%. Interestingly, we were
unable to synthesize the related complex [Mo(mnt),(+BuNC),]
(mnt = maleonitriledithiolate) because of an apparent lack of
reactivity between MoCl,(CH;CN), and disodium maleoni-
triledithiolate, which may be due to the strongly electron-
withdrawing nature of the ligand’s substituents.
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Figure 1. Molecular structures of molybdenum bis-dithiolene complexes examined as proton reduction catalysts: (A) Mo(bdt),(t-BuNC), (1), (B)
Mo(tdt),(+-BuNC), (2), (C) Mo(bdtCl,),(t+-BuNC), (3), (D) Mo(bdt),(BzNC), (4), (E) Mo(bdt),(p-MeOPhNC), (), and (F) Mo(bdt),(dppe)
(6). Structures were collected at 100 K, and atoms are drawn as 50% probability ellipsoids. Hydrogen atoms are omitted for clarity.

Table 1. Selected Bond Lengths and Angles for Complexes 1—5 Compared with Those of Mo(bdt),(MeNC), (8)

parameter 1 2 3 4 S 8%
Bond Length (A)
Mol—S1 2.3494(6) 2.3534(6) 2.3457(4) 2.3656(11), 2.3562(11) 2.3592(4) 2.356(2)
Mol-S2 2.3552(7) 2.3662(6) 2.3562(11), 2.3611(11) 2.3756(4) 2.356(1)
Mol—S3 2.3555(6) 2.3540(6) 2.3529(11), 2.3510(11) 2.3576(4) 2.358(1)
Mol—84 2.3554(5) 2.3626(6) 2.3604(11), 2.3582(12) 2.3610(4) 2.365(1)
Mo=S,., 2.3539(6) 2.3591(6) 2.3457(4) 2.3577(12) 2.3634(4) 2.359(1)
Mol—C 2.096(2) 2.087(2) 2.100(2) 2.101(4), 2.105(4) 2.0730(13) 2.093(6)
Mol-C 2.101(2) 2.100(2) 2.104(4), 2.111(4) 2.0947(13) 2.109(5)
Mo—C,,, 2.099(3) 2.094(2) 2.100(2) 2.103(6) 2.0839(13) 2.101(6)
C—C(dithiolene),, 1.394(3) 1.394(3) 1.393(4) 1.394(6) 1.401(2) 1.390(6)
C—Nyy 1.147(3) 1.150(3) 1.149(3) 1.148(5) 1.1599(17) 1.146(6)
Bond Angle (deg)
Mean S—Mo—S, 86.00(2) 85.99(2) 85.726(19) 84.90(4) 85.1008(12) 85.09
Mean S—Mo—S,.,. 142.34(2) 141.7(2) 142.85(2) 140.11(4) 144.416(13) 140.77
C—Mo—C 79.55(9) 81.90(9) 78.99(11) 78.86(15), 79.78(16) 81.92(5) 78.9(2)
Trigonal Twist (©) 3.98 8.47 0.00 2.12 18.12 0.83

“Two Mo complexes in the asymmetric unit.

Molecular Structure. The molecular structures of complexes oxidation state of Mo". Mo—S bond lengths are in good
1—6 were all found to have a slightly distorted trigonal prismatic agreement with those reported for 8, ranging from 2.3197(6) to
geometry around molybdenum (Figure 1A—F), consistent with 2.3756(4) A. Similarly, the Mo—C bonds in complexes with the
similar previously reported compounds.® Relevant bond lengths isocyanide ligands showed little variation, with lengths between
and angles for molybdenum isocyanide complexes (1—6) are 2.0730(13) and 2.111(4) A. The Mo—C—N angle was close to
listed in Tables 1 and 2 along with those for previously reported linear in all five structures as well (172.6—178.2°), consistent
compounds Mo(bdt),(MeNC), (8) and 7,% respectively, with triple bond character between the ligating carbon and
for comparison. The use of noninnocent dithiolene ligands adjacent nitrogen atoms. In examining the isocyanide complexes
frequently leads to ambiguous assignment of oxidation states. The (1-5), complex $ exhibits the greatest degree of distortion from
C—C bonds of the five-membered dithiolene chelate ring are an ideal trigonal prism with a trigonal twist®® of 18.12°, as
within the expected value for an aromatic carbon—carbon bond in compared to 0.00—8.47° in the other structures. The phosphine
all structures (1.390—1.401 A), indicating fully reduced C—S complexes are similarly distorted with trigonal twists of 16.15°
bonds; therefore, these complexes are assigned the formal (6) and 18.52° (7). The largest difference between 6 and 7 is the
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Table 2. Selected Bond Lengths and Angles for Complex 6
Compared with Those of 7

parameter 6 7%
Bond Length (&)
Mol-S1 2.3423(6) 2.350(2)
Mol-S2 2.3651(6) 2.351(2)
Mol1-S3 2.3197(6) 2.355(2)
Mol-S§4 2.3692(6) 2.347(2)
Mo-S§,,, 2.3491(6) 2.351(2)
Mol-P1 2.5148(6) 2.541(2)
Mol-P2 2.5230(6) 2.530(2)
Mo-P,, 2.5189(6) 2.536(2)
C—C(dithiolene),y, 1.400(3) 1.392(6)
Bond Angle (deg)
Mean S—Mo—S, 85.83(2) 85.42
Mean S—Mo—S,,..,s 141.84(2) 139.99
P1-Mo—P2 76.46(2) 87.35(6)
Trigonal Twist (©) 16.15 18.52

P—Mo—P angle, which results from the chelating dppe ligand
in 6, restricting this parameter to 76.46(2)°, versus the mono-
dentate phosphine ligands in 7 with a corresponding bond angle
of 87.35(6)°.

Electronic Spectra and Electrochemical Data. Although
tew differences are observed in the coordination sphere around
molybdenum, more variations between complexes 1—7 can be
detected in their electronic spectra and electrochemical data
(Table 3 and Supporting Information, Figures S1-S6).

Table 3. Observed Electronic Transitions and
Electrochemical Potentials of 1—7

complex Amas Mo"/Mo™® Mo"/Mo'™
1 243, 280, 406, 472 ~0.79 ~138
2 246, 281, 411, 489 —0.81 —1.38
3 238, 292, 408, 456 —051¢ —1.105¢
4 241, 280, 406, 478 —0.74 ~126
S 247, 290, 406, 486, 554 —0.64 -1.03
6 245, 355, 435, 488 —0.86° 174
7 269, 361, 421, 510 —095

“Measured in CH,Cl,. bIMo] = 0.5 mM; glassy carbon disc working
and counter electrodes; reported in volts vs SCE in CH;CN in 0.1 M
tetrabutylammonium hexafluorophosphate. “DMF was used in place of
CH;CN for solubility. 9Quasi-reversible couple, i, reported.

Complexes 1—4 are red in color and possess two strong bands
in the visible region with a shoulder of slightly lower energy.
Interestingly, 5 has an additional absorption band at 554 nm,
giving the complex a red—purple color. Bis-trimethylphosphine
complex 6 is brown—yellow in color with spectral features in
good agreement with those previously reported for 7, displaying
a single strong absorption at 435 nm with a shoulder at 488 nm.

Inductive effects from substituents on the dithiolene ligand
can be seen in cyclic voltammograms of 1—3 (Supporting
Information, Figures S7—S9). Complex 1 exhibits reversible
redox events at —0.79 and —1.38 V in CH;CN that correspond to
Mo"/Mo™ and Mo™/Mo" couples, respectively. For complex 2
with its methyl substituent, the Mo"' /Mo™ couple is shifted ca.
20 mV more negative than that of 1 with no apparent change
to the Mo™/Mo" couple. Complex 3, with the CL,bdt ligand,
shows both redox couples shifted anodicly by approximately
300 mV relative to those of 1, and the more negative reduction
is quasi-reversible but similarly shifted. Complexes 4—7 give
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evidence of the effect of the auxiliary ligands (Supporting
Information, Figures $10—S13). Complex 4, with slightly less
electron-donating BzNC ligands, as compared to #-BuNC,
exhibits redox potentials only slightly more positive than those
of 1, at —0.74 and —1.26 V. The return oxidation waves for
complex 4 are quasi-reversible, with two distinct waves for the
more negative redox couple. This is possibly due to complex
decomposition in the doubly reduced state, although it is not
clear why this is observed only for 4. Complex S, which showed
the most deviation from 1—4 in both structural features and
absorption spectra, shows more significantly shifted redox
couples at —0.64 and —1.03 V. The redox events for complex 6
show much more separation than those for complexes 1-S§,
with well-defined waves at —0.86 and —1.74 V. The Mo /Mo
couple for complex 7 is similar to that of 6 at —0.95 V, but it does
not have a more negative wave.

Light-Driven Hydrogen Production. Initial efforts em-
ployed [Mo(bdt),(t-BuNC),] (1) as a catalyst for proton
reduction in light-driven systems. Several photosensitizer/
electron-donor systems were examined to fulfill the photo-
chemical aspect of the system, with 1 serving as the catalyst.
Fluorescein/5% TEA/pH 12.0, Rose Bengal /5% TEOA/pH 7.0,
and [Ir(PPy),(bpy)]Cl/5% TEOA/pH 7.0 gave no detectable
traces of hydrogen after 20 h of irradiation by white light LEDs
(410—480 and 480—800 nm, 0.33 W). However, a system
composed of 1, [Ru(bpy);]Cl,, and 0.1 M ascorbic acid (pH 4.0)
was found to produce significant quantities of hydrogen over 24 h.
Because of the strong absorption of [Ru(bpy);]** at 450 nm, the
following studies utilized blue light LEDs (max: 460 nm, 0.23 W)
to optimize the light energy for the photosensitizer. Similar
quantities of hydrogen were produced over a pH range of 2.6—4.0
(Supporting Information, Figure S14), but considerably less
hydrogen was produced at pH > 4.0 and thus the remainder of the
experiments were performed at pH 4.0.

In systems containing 1, [Ru(bpy);]Cl,, and ascorbic acid
(pH 4.0), hydrogen was produced steadily for about 10 h before
the activity slowly declined and ceased completely after 24 h.
The initial rate (first 30 min of photolysis) increased linearly with
increasing [1] (Figure 2A, inset) in the range of 4.0—16.0 uM,
suggesting a first-order dependence on catalyst concentration,
consistent with several previously reported systems.'®'?**
However, when the concentration of [Ru(bpy);]** was varied
from 0.17 to 0.40 mM, little difference was seen in the initial rates
(Figure 2B). Therefore, at these concentrations, the amount of
catalyst is turnover-limiting. In the absence of 1, [Ru(bpy);]**, or
ascorbic acid, no hydrogen was detected after 24 h of irradiation.
Furthermore, the molybdenum precursor, MoCL,(CH;CN),,
was completely inactive toward the production of hydrogen
under the same conditions. Given these results, it seems likely
that the system remains homogeneous, and decomposition
products of the Mo catalyst are not responsible for catalysis. To
probe this further, reactions were performed with approximately
1 mL of elemental mercury present throughout the course of
the experiment, giving similar results to experiments conducted
without mercury (Supporting Information, Figure S15). If
molybdenum nanoparticles were formed under the reducing
conditions, then the formation of an amalgam would be expected
along with either severely decreased catalytic activity or catalysis
with very different kinetic traces.

The cause of the cessation of system activity was examined
by addition of fresh solutions of 1, [Ru(bpy);]**, and ascorbic
acid after 17 h of irradiation, when much of the activity had
diminished. The addition of a fresh solution of [Ru(bpy);]*
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Figure 2. Light-driven hydrogen production in 1:1 water/CH,;CN,
[ascorbic acid], = 0.1 M; (A) effect of varied [1] at [Ru(bpy);CL], =
0.4 mM, inset: initial rates (mL/h) vs [1]; (B) effect of changing [Ru] at
[1] = 12 mM. Relative error is 10%.

showed a slight restoration of activity, but addition of fresh
catalyst had no effect. However, upon addition of both 1 and
[Ru(bpy);]**, the initial activity was completely restored, indicat-
ing the decomposition of both of these components during
the lengthy photolysis (Supporting Information, Figure S16).
To better understand the loss of activity, electronic spectra
were measured in situ, during the course of a photolysis reaction
using a fiber optic probe (Supporting Information, Figure S17).
Absorption bands in the visible region for [Ru(bpy);]*" and 1
significantly overlap, but the lower energy shoulder for 1 extend-
ing out to 600 nm could be identified under these conditions.
A full spectrum was taken every 60 s for the first 20 min and then
every hour for the remainder of the experiment. Absorptions
corresponding to 1 quickly disappeared after approximately
3 min of irradiation, possibly indicative of facile reduction since
H, production continued for several hours. The absorption band
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Figure 3. Performance of all molybdenum complexes as catalysts in
light-driven hydrogen production. [Mo] = 12 mM, [Ru(bpy);]** =
0.4 mM, [ascorbic acid] = 0.1 M (pH 4.0). CH;CN/H,O = 1:1, 15 °C,
460 nm LED light irradiation, 0.23 W.

for [Ru(bpy),;]** slowly lessened over the course of the
experiment, but no other major differences were noted.

Complexes 1—7 were all examined as proton reduction
catalysts under identical conditions, and the kinetic traces are
shown in Figure 3. Complexes 1, 2, and 4 all have similar activity,
achieving 520, 475, and 455 TON in 24 h, respectively. Both
complexes 3 and 5 exhibit less activity with 100 and 260 TON,
respectively. These results suggest a correlation with the redox
potentials of the Mo complexes. Complexes 1, 2, and 4 have very
similar redox potentials, whereas complexes 3 and § possess
redox couples that are significantly more positive. This indicates
that among the isocyanide complexes the greater the thermo-
dynamic drive for hydrogen formation, the more active the
catalyst. This correlates well with the observed first-order
dependence on [catalyst]. The fact that no such dependence
was found for the [photosensitizer] suggests that reduction of the
complex is facile. The phosphine complexes display very different
behavior from that of the isocyanide complexes. Complex 7,
with monodentate PPh,Me ligands, shows modest activity,
which decreases further after only a few hours, producing 135
TON after 24 h. However, its counterpart with the bidentate
dppe ligand, complex 6, has the fastest initial rate during the
first 30 min of irradiation of all of the molybdenum catalysts
of between 260 and 360 TON h™' (Supporting Information,
Figure S18), but its activity declines quickly, achieving only
402 TON after 24 h. Quantum yields calculated for each complex
are <1%.

Nature of the Photochemical Step. Although light
absorption by the photosensitizer initiates electron transfer to
the proton reduction catalyst, this can be accomplished in one of
two pathways: reductive or oxidative quenching. In the former,
the absorption of light by [Ru(bpy);]** to form [*Ru(bpy);]**
creates a strongly oxidizing electron hole, which results in
oxidation of ascorbic acid and the formation of [Ru(bpy);]*.
Subsequent electron transfer to the Mo catalyst restores the
chromophore to the Ru(Il) state. In the latter, [*Ru(bpy);]**
reduces the molybdenum complex directly, yielding [Ru(bpy),]**,
which irreversibly oxidizes ascorbic acid to regenerate
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[Ru(bpy);]**. Complexes 1—4 and 6 were all found to quench
[*Ru(bpy);]*" with rate constants near the diffusion-controlled
limit (kg=2.12-3.5 X 10" M™! s7") (Supporting Information,
Figures $19—523 and Table S1). It has previously been reported
that ascorbic acid quenches [*Ru(bpy);]** with a rate constant
of 1.3 X 10 M~ s7! in aqueous acetonitrile."® Despite roughly
two orders of magnitude difference in k,, reductive quenching is
the dominant route because of the relative quencher concentra-
tions with [ascorbic acid] approximately 10° greater than [Mo]
(ie, rate = k;[Q] where Q = quencher).

Triethanolamine (TEOA) is another widely used electron
donor in photochemical systems. While TEOA does not quench
[*Ru(bpy),]** reductively, it can be oxidized by [Ru(bpy);]** to
reform [Ru(bpy);]** via the oxidative quenching pathway.””®
However, substitution of TEOA for ascorbic acid in the above
photolysis systems produced no hydrogen, supporting the
reductive quenching pathway. This could also be due to the
more basic pH required for TEOA to operate as an electron
donor (protonation of the amine makes TEOA incapable of
donating an electron), making protonation of the Mo complex
less favorable.

Electrochemical Studies. Complexes 1-6 were also
examined under electrocatalytic conditions in aqueous organic
solvents in the presence of organic acid to learn more about the
mechanism of proton reduction. As described above, all of the
isocyanide complexes displayed two well-defined redox couples
in acetonitrile corresponding to Mo'/Mo™ and Mo™'/Mo"
with the exception of 3, for which the more negative couple
is quasi-reversible. To better correlate electrochemical and
photochemical experiments, aqueous organic media were used
(generally, CH;CN/H,O or, if solubility was a problem, DMF/
H,0). We note that in all electrochemical studies the aqueous
CH;CN systems show ~1.6-fold more current than that of the
aqueous DMF systems, which is largely due to a difference in
diffusion coefficients (detailed explanation provided in Support-
ing Information, page S2). However, the presence of water
greatly affects both the energy of the electrochemical reductions
as well as their reversibility. For example, the CV for complex 1 is
shown in Figure 4 in acetonitrile with various amounts of water.
The Mo"'/Mo™ reduction wave, originally centered at —0.79 V,

30}0 uL H,0 (CH,CN) o
250 L H,0
251500 uL H,0
5o 750 L H,0
< 15
=
T 10
£
3 5
0
-5
-10
-0.4 -0.6 -0.8 -1.0 -1.2 1.4 -1.6 -1.8

Potential (V vs SCE)

Figure 4. Effect of water on CV of 1. Experiments were performed with
glassy carbon working and auxiliary electrodes. Water was added to a
5.0 mL solution where [1] = 0.5 mM.
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becomes broadened with the addition of 250 uL of water and
then bimodal with further additions of water, corresponding to
the original species and a new one. The corresponding oxidation
wave is diminished upon the introduction of water, with a new
wave appearing at ca. —0.5 V. The Mo"'/Mo" wave is originally
centered at —1.4 V, but it shifts in the positive direction with
each successive addition of water. At 750 uL of water, two
reduction waves are visible, with the smaller one consistent with
the position of the original complex, although both waves are
increased in amplitude. This clearly points to the formation
of a different species when water is present following initial
Mo"'/Mo™ reduction. Possible complexes include one with a
protonated sulfur donor or bis(aqua)-bis(benzenedithiolato)-
molybdenum(III). Electronic spectra of the starting complex in
both CH;CN and CH;CN/H,0 environments show no change,
confirming stability prior to reduction (Supporting Information,
Figure S24).

Electrocatalysis of hydrogen was studied by addition of
trifluoroacetic acid (TFA) to a solution of each molybdenum
complex in aqueous acetonitrile. Since proton reduction at the
glassy carbon electrode was observed at potentials between —1.4
and —1.6 V, convoluting the catalytic wave corresponding to 1,
a hanging mercury drop electrode was employed because of
its high overpotential for this process.”> The effect of acid
concentration on the cyclic voltammogram of 1 is shown in
Figure S. Before acid is added with the hanging mercury drop

100

0mM TFA
2mM TFA
4 mM TFA
—6mM TFA
8 mM TFA
10 mM TFA

80

60

Current (pA)

40

20

08 09 -1.0 11 -1.2
Potential (V vs SCE)

Figure S. Electrocatalysis of 1 with a hanging mercury drop working
electrode and glassy carbon auxiliary electrode. [1] = 0.5 mM; solvent =
9:1 CH,CN/H,0.

electrode, the cyclic voltammogram of the complex exhibits
quasi-reversibility not seen using the glassy carbon electrode,
such as that in Figure 4. The return oxidation waves have
significantly less current density than that of the reduction waves,
indicating that decomposition of the complex takes place in the
doubly reduced state at the electrode surface, possibly due to the
attraction of the sulfur atoms on the dithiolene ligand to mercury.
Upon addition of 2 equiv of TFA, the reduction wave at —0.8 V
appears to be mostly unchanged, shifting slightly to more positive
potentials, whereas the higher energy reduction wave at =1.25V
is replaced by a new wave at —0.97 V. This wave increases in
current with further addition of TFA, consistent with catalytic
proton reduction. Clearly, two reduction processes are involved
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in the catalysis, corresponding to what has been formally
described as Mo'/Mo™ and Mo™/Mo". Given the position of
the catalytic wave between the two reductions of the starting
complex, it is probable that a new species forms in the presence
of water after initial reduction. This may involve substitution of
H,O for the isocyanide ligand or protonation at either Mo or
one of the sulfur donors, as previously postulated for cobalt
bis-dithiolene complexes based on computational results.'* This
occurrence would explain the positive shift in the potential of the
catalytic current relative to the second reduction potential of 1
without acid. Complexes 2 and 4 show similar behavior as that
of 1, but complexes 3 and $ exhibit much smaller increases in
current density upon addition of acid. Catalysis for complex 6
also occurs between its two reduction potentials at —1.57 V
(Supporting Information, Figures $25—S31).

NMR and UV-Vis Studies. To observe species formed
during catalysis of H, generation, Mo(bdt),(t-BuNC), (1) was
studied by '"H NMR spectroscopy. In CD;CN, 1 shows two re-
sonances corresponding to the bdt protons at 8.14 and 7.32 ppm
and a singlet for the +-BuNC protons at 1.56 ppm (Figure 6A).

oo

o M. |, M

NN
—

Free
Isocyanide

DI RO S NN

" /

L;M NN | W

N

B2 81 80 79 78 77 76 75 74 73 72 71 10 69 68 67 66 17 16 15 14 13 12

Figure 6. 'H NMR, 400 MHz, CD,CN, 298 K of (A) [Mo-
(bdt),(tBuNC),] (1), (B) [Mo(bdt),]*, (C) [Mo(bdt),]*", and

trifluoroacetic acid.

Both sets of resonances are shifted downfield relative to the
free ligand (7.38 and 7.09 in CD;CN, Supporting Information,
Figure $32), indicative of coordination. Addition of D,O or
trifluoroacetic acid has no effect on the "H NMR spectrum of 1.
Reduction of 1 in CD;CN by treatment with sodium amalgam
under a nitrogen atmosphere for 1 h results in a color change
from bright red to yellow—green. The complex thus generated is
also diamagnetic, as determined by 'H NMR resonances that are
sharp and similar in number to those of 1. The resonances for the
bdt ligand in this complex are observed at 7.62 and 6.77 ppm,
which are distinct from those of the free ligand, whereas the
resonance corresponding to the t-BuNC ligand protons shifts to
1.42 ppm and appears as a triplet, indicative of free isocyanide
ligand (Figure 6B and Supporting Information Figure $S33). The
1:1:1 triplet of the free -BuNC protons is due to '*N quadrupolar
coupling.”*”* These results suggest a two-electron reduction of 1
along with dissociation of the t-BuNC ligands. Without the
t-BuNC ligands, a four-coordinate Mo bis-dithiolene species,
[Mo(bdt),]*", is formed. A related example of a four-coordinate
Mo(II) complex, Mo(diethyldithio-carbamate),, has been
structurally characterized previously.”®

Under nitrogen and with the sodium amalgam removed, the
species designated as [Mo(bdt),]*” is stable for several hours but
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decomposes readily in air. However, addition of TFA to the
[Mo(bdt),]*” solution results in the immediate reformation of
complex 1 (Figure 6C). Acetic acid and a solution of ascorbic
acid at pH 4.0 are also found to regenerate the starting complex in
the same way, but water at pH 7.0 has no effect. When a similar
experiment was performed on a larger scale with complex 2,
hydrogen gas was detected in the flask headspace, as determined
by GC analysis.”® Slow evaporation of the solvent in this
experiment leads to the formation of red crystals, which were
confirmed by a unit cell analysis to be the starting complex, 2.
The formation of hydrogen by 1 was also followed by UV—vis
absorption spectroscopy (Figure 7). The initial electronic
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Figure 7. UV—vis absorption spectra of 40 mM complex 1 in CH,Cl,

(red hashed line), [Mo(bdt),]*” generated from 1 with Na/Hg (blue
dotted line), and spectra taken every 10 s after addition of 70 equiv of
TFA to [Mo(bdt),]*".

spectrum characteristic of 1 is shown by the red dashed line,
which has strong absorptions at 405 and 468 nm and a shoulder
at 535 nm. Upon reduction with Na/Hg, a yellow—green species
forms that has a strong absorbance band at 451 nm with a weak
shoulder at 582 nm, shown by the blue dotted line. Upon addition
of 70 equiv of TFA, an intense band is observed at 420 nm that
decreases over a 2 min period with the formation of the bands and
shoulders characteristic of complex 1. The isosbestic points at 312,
347, 374, 450, and 630 nm in Figure 7 indicates that there is only
one observable intermediate in the conversion from [Mo(bdt),]*~
to [Mo(bdt),(+BuNC),] upon the addition of acid.
Mechanism of Hydrogen Formation. The observations
surrounding hydrogen production with [Mo(bdt),(+BuNC),]
have led to a proposed mechanism as shown in Scheme 1. The
steps shown in blue are based on the NMR observations
described above and represent entry into the cycle. As discussed
above, it is unclear from NMR studies whether the t-BuNC
ligands dissociate after the first or second reduction. However,
cyclic voltammetry experiments indicate that complex 1 under-
goes two sequential reductions before catalytically generating
hydrogen. The positive shift seen in the second reduction wave in
the presence of water is probably due to loss of t-BuNC ligands,
with possible coordination of water and/or protonation of the
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Scheme 1. Proposed Mechanism of Hydrogen Formation with 1
Mo(bdt),(t-BuNC),

f

2 t-BuNC
Mo(bdt),2~

-
H+
- MoH(bdit),~
H»

MoH(bdt), Mo(bdt),
N st <
H+ Mo(bdt),~

reduced complex at either the Mo ion or a sulfur donor atom.
In photolysis experiments conducted with [Ru(bpy);]** and
ascorbic acid, an electron is supplied by the reduced photo-
sensitizer, [Ru(bpy);]*, to the intermediates in the catalytic
cycle. The —1.33 V potential for that electron (the [Ru(bpy),]**/
[Ru(bpy);]* couple) is sufficient to reduce the key intermediates
in the cycle of Scheme 1. The lack of significant current
enhancement in 3 or § is consistent with their poor performance
as catalysts in the light-driven studies.

Whereas [Mo(bdt),]*” is moderately stable under an inert
atmosphere in the presence of neutral aqueous acetonitrile, it
reacts immediately in the presence of acidic protons and re-
generates 1 over a period of 2 to 3 min, resulting in the evolution
of H,. Upon protonation of [Mo(bdt),]*”, an intermediate is
observed by UV—vis spectroscopy, which reforms into 1 over a
period of about 1.5 min. This intermediate is possibly the neutral
species [Mo(bdt), ], which is formed immediately after hydrogen
evolution. The slow process of the conversion of [Mo(bdt),] to 1
corresponds to the reassociation of --BuNC. However, under catalytic
conditions, reassociation of +-BuNC ligands, which are relatively dilute
compared to that of free protons at pH 4.0 (~18 mM [H'] vs 24 uM
[t-BuNC]), is unlikely. Therefore, in the catalytic cycle, the Mo(bdt),
complex generated after hydrogen evolution is probably reduced
directly. Without dissociation of the +-BuNC ligands needed to free a
coordination site, formation of a molybdenum hydride intermediate
may occur after the first reduction, but it remains possible that this
happens after the second reduction.

B CONCLUSIONS

Homogeneous light-driven artificial photosynthetic systems
employing molybdenum bis-dithiolene complexes as catalysts
for proton reduction have been described. In total, seven
molybdenum bis-dithiolene complexes were examined in this
capacity and fully characterized. The most active catalyst,
[Mo(tdt),(+BuNC),], produces turnover numbers as high as
500 relative to [Mo]. Turnover frequencies were found to
be highest for the diphosphine complex, [Mo(bdt),(dppe)], and
are between 260 and 360 TON h™'. From 'H NMR
and electrochemical studies, a catalytic cycle is proposed that
involves electron reduction and protonation steps to form H,.
Stoichiometric studies are consistent with the formation of
[Mo(bdt),]*>~ and dissociated isocyanide ligands. In the light-
driven catalytic cycle at pH 4, the protonated version of this
dianion, [MoH(bdt),] ™, likely plays a key role. When this species
encounters an acidic proton, hydrogen evolves immediately, with
the resultant [Mo(bdt),] reentering the catalytic cycle.
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X-ray crystallographic data for complexes 1—6 in CIF format as
well as their full characterization, including NMR spectra, UV—
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